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Direct shortwave forcing of climate by the anthropogenic
sulfate aerosol: Sensitivity to particle size,
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Abstract. Recent estimates of global or hemispheric average forcing of climate by
anthropogenic sulfate aerosol caused by scattering of shortwave radiation (“direct”
effect) are uncertain by somewhat more than a factor of 2. The principal sources
of this uncertainty are atmospheric chemistry properties (yield, residence time),
and microphysical properties (scattering efficiency, upscatter fraction, and the
dependence of these properties on particle size, composition, and relative humidity,
(RH)). This paper examines the sensitivity of forcing to these microphysical
properties to identify and improve understanding of the properties required to reduce
the uncertainty in the forcing. The relations between aerosol loading and forcing
developed here are suitable for comparing modeled and measured aerosol forcing at
specific locations and for use in climate models, provided aerosol composition and
microphysical properties are known, calculated, or assumed. Results are presented
showing the dependence of scattering efficiency, upscatter fraction, and normalized
forcing (W m™2/g(SO27) m™2 or W g(SO27)~!) on dry particle size (expressed
as mole(sulfate) per particle), composition ((NHy)2SO4, NH4HSOy4, H2SOy,), solar
zenith angle, latitude, and season. Forcing is strongly dependent on dry particle
size and RH but is relatively insensitive to composition. The normalized forcing
can be integrated over a known or assumed size distribution to evaluate the sulfate

aerosol forcing. Global and annual average values of the normalized forcing are
evaluated as a function of particle size and RH. Depending on values of these
variables, normalized forcing may be less than, intermediate to, or greater than the
range of previous estimates of sulfate aerosol forcing.

1. Introduction

Radiative forcing of climate by anthropogenic
aerosols is thought to be a major contributor to the
changing radiative balance of the Earth-atmosphere
system. Light scattering by aerosols under cloud-free
conditions (direct effect) and an enhanced brightness
of clouds caused by an increased concentration of
cloud condensation nuclei (indirect effect) are the key
processes that have been identified [Twomey et al.,
1984; Schwartz, 1988, 1995; Charlson et al., 1990, 1991,
1992; Penner et al., 1992, 1994; Wigley and Raper,
1992; Kiehl and Briegleb, 1993; Boucher and Anderson,
1995; Haywood and Shine, 1995].

This paper examines factors governing the magnitude
of the direct effect by anthropogenic sulfates. Among
anthropogenic aerosols much attention has been focused
on sulfates because of their importance and because
of knowledge of their distribution and properties that
permits quantitative evaluation. Charlson et al., [1990,
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1992] and Penner et al. [1994] have estimated the
magnitude of the direct forcing using a box model as a
first approximation. This approximation is reasonable
on global average given that the forcing is linear
in aerosol loading in the optically thin limit. Box
models readily allow for examination of uncertainties
but cannot account for geographic distribution, for
which a chemical transport model is required [Charlson
et al., 1991; Taylor and Penner, 1994]. Box model
calculations to date also have not taken into account
the wavelength dependence of aerosol and Rayleigh
scattering [Kiehl and Briegleb, 1993], but this is
not an inherent limitation. More importantly, box
models cannot account for correlation among the several
controlling variables. Nonetheless, box models continue
to lend great insight into aerosol forcing of climate.

The box model expression for global average
shortwave forcing for a hypothetical cloud-free planet
for a specific loading of atmospheric sulfate is [ Charlson
et al., 1992]

AFgpz- = _%FTTz(l - R,)*Bals F(RH)Bgoa-

soz2-
1)
The minus sign indicates that this forcing exerts a cool-
ing influence, and the factor % is due to the fact that
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only half the planet is illuminated at any given period
of time. The symbols in the above equation are defined
as follows:

Fr = the solar constant, the solar radiative flux
at a mean distance from the Earth to the
Sun;

the fraction of incident or scattered
light transmitted through the atmosphere
above the aerosol layer. The factor
T? takes into account transmittance of
incident and scattered radiation;

the albedo of the underlying surface.
The factor (1 — R,)?* takes into account
multiple reflection between the surface
and the aerosol layer;

the fraction of the radiation scattered
upward by the aerosol, averaged over the
sunward hemisphere of the planet;

|
Il

RH,

sor- = the light-scattering efficiency of sulfate
4

aerosol, that is, scattering coefficient per
sulfate mass, at a reference low relative
humidity, RH, commonly taken as RH, =
30%;

the increase in scattering cross section
at ambient RH relative to that at the
reference RH; and

Bso?; = the average sulfate column mass burden,
evaluated as the product of the source
strength of anthropogenic SOs, the frac-
tional yield of emitted SO2 that reacts to
produce sulfate aerosol, and the mean res-
idence time of SO, aerosol in the atmos-
phere divided by the area of the geograph-
ical region to which the calculation is ap-
plied.

o

F(RH) =

To evaluate forcing for the actual planet, an additional
factor (1-A.) (Ac is the fractional cloud cover) must
be included in (1) because the albedo enhancement
applies mainly to cloud-free regions [Charlson et al.,
1992], although a significant contribution may also
be expected from cloud-covered regions [Boucher and
Anderson, 1995].

Recent box model estimates of global average
direct forcing of climate by anthropogenic sulfate are
about —1 W m~2 [Charlson et al., 1992; Penner
et al., 1994], uncertain to a factor of somewhat
greater than 2; estimates of forcing based on the
geographically distributed aerosol are somewhat lower

[Kiehl and Briegleb, 1993; Boucher and Anderson,.

1995] in part because of lower values of mean sulfate
burden employed in those estimates. These estimates
thus indicate that the direct effect of anthropogenic
sulfate exerts a forcing on climate comparable in
magnitude (but opposite in sign) to the forcing
produced by anthropogenic enhancement of greenhouse
gas concentrations. The principal sources of uncertainty
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in these estimates are atmospheric chemistry properties
(yield, residence time), and microphysical properties
that influence optical and radiative properties of
the aerosol (scattering efficiency, upscatter fraction,
including dependence on particle size, composition, and
RH) [Hegg et al., 1993; Penner et al., 1994; IPCC, 1994;
Haywood and Shine, 1995; Boucher and Anderson,
1995]. The uncertainty in aerosol forcing generally,
and sulfate forcing in particular, greatly limits present
knowledge of the net anthropogenic influence on the
Earth radiation budget over the industrial period
[IPCC, 1994).

In order to isolate sources of uncertainty, it is useful to
represent this forcing normalized to the sulfate loading.
To focus on the radiative terms in (1), we define
normalized forcing for a cloud-free region as

AF, S0z~

AGgos- = ; (2)

Bso?;

a quantity which has units of W m~2 per g(SO3~) m~2,
or W g(SO37)~!. This quantity has previously been
introduced by Boucher and Anderson [1995] and was
denoted by them as a climate forcing efficiency. On
the basis of the global and annual values given by
Charlson et al. [1992], AG = -715 W g(S037)~!
for a cloud-free planet. The corresponding quantity
for the geographically distributed forcing calculation
of Kiehl and Briegleb [1993] ranges from -180 to -
290 W g(S027)~!, depending on dry particle radius
[Boucher and Anderson, 1995]. For their own
geographically distributed forcing calculation Boucher
and Anderson [1995] obtained AG ranging from -160 to
-250 W g(S027)~!, again depending on the value of dry
particle radius employed. Although, as discussed below,
some of the reasons for these differences are understood,
there is still a substantial range of uncertainty reflected
in the different values of normalized forcing represented
by these several results. As noted by Charilson et al.
[1992] and Penner et al. [1994], about a third of the
overall uncertainty in sulfate direct forcing is associated
with the several optical/radiative properties of aerosols
appearing in (1): the light scattering efficiency per unit

sulfate mass (aé{é{;_ ), the increase in light scattering as
4

a function of RH (F(RH)), and the fraction of scattered
light which is scattered into the upward hemisphere
(B). Each of these quantities varies substantially with
particle size and wavelength and perhaps also with
chemical form. It is well known that particle size is
a strong function of RH [Garland, 1969; Tang and
Munkelwitz, 1977, 1994; Hegg et al., 1993] because
of the deliquescent/hygroscopic nature of water-soluble
aerosols, and as a consequence the optical properties
must also be scaled according to RH [Charlson et al.,
1992; Kiehl and Briegleb, 1993]. Recently, Kaufman
and Holben [in press, 1995] have called attention to
the dependence of upscatter fraction on aerosol size
distribution and the sensitivity of forcing to the sulfate
variability in upscatter fraction.
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This paper examines the dependencies of optical and
radiative properties of sulfate aerosols on microphysics
and composition that go into evaluation of the direct
forcing given by (1). Three particle compositions are
considered, ammonium sulfate ((NH4)2SO4), ammo-
nium bisulfate (NH4HSO4), and sulfuric acid (HySOy,),
taking into account the hygroscopic properties of these
materials. In order to explicitly examine the influence
of RH, we define the wet scattering efficiency relative
to the mass of sulfate in the aerosol as

RE:_ - F(RH). - (3)

ol—
(67 —Oésoi_

The light scattering properties a* and 3 are computed
as functions of radius and composition and, in the
case of S, solar zenith angle (SZA) and season. A
Mie scattering model is used to derive the optical
properties of the given compositions, dry particle size
and RH, and a doubling and adding multiple scattering
model is used to compute a seasonal, latitudinal,
and daily distribution of the forcing by particles of
each of these compositions. The global and annual
values of the aerosol forcing are then calculated as a
function of particle dry radius and for representative
size distributions and compared to the values given by
Charlson et al. [1992], Kiehl and Briegleb [1993], and
Boucher and Anderson [1995].

2. Methods

The Mie scattering model of Hansen and Travis
[1974] was used to determine a*(A) and the phase
function P, (6), where 8 = scattering angle. We
chose a gamma particle size distribution (effective
variance equal to 0.01) wide enough to remove any
resonances in the particle size range considered, yet
narrow enough that the Mie scattering properties
were calculated essentially for monodisperse aerosols.
For actual (polydisperse) aerosols, derived radiative
quantities may readily be evaluated by appropriate
integration over particle radius. The refractive index is
assumed to be real, that is, no absorption (n = n, —in;
where n; = 0). For weakly absorbing particles (n; < 1)
the scattering properties differ negligibly from those
of purely scattering particles [Twomey, Elsevier, New
York, 1977]. »

The spectral dependence of aerosol forcing was
treated by a radiative transfer model that divided the
spectrum into seven intervals from 0.3 to 1.0 ym. All
the scattering was assumed to take place within this
spectral range, for which the atmosphere is assumed
to be nonabsorbing; that is, all of the atmospheric
absorption (30%) is assumed to take place shortward
of 0.3 um (ozone) and longward of 1.0 pum (water
vapor) [Coakley et al., 1983]. The contributions of
the incident solar radiation and the Rayleigh optical
depths at each of these wavelengths are summarized
in Table 1. Scattering at wavelengths greater
than 1.0 pm is neglected because of the low top-
of-atmosphere power, the relatively high atmospheric
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Table 1. Representation of Solar Spectrum Used in
Calculations [Coakley et al., 1983]

A, Wavelength, f), Fraction of Tr, Rayleigh Optical

pm Incident Solar Flux Depth
0.340 0.0579 0.6853
0.434 0.1389 0.2532
0.508 0.0561 0.1332
0.550 0.1527 0.0964
0.768 0.1342 0.0247
0.833 0.0881 0.0178
0.991 0.0704 0.0087

absorption, and the reduced scattering cross section
in this wavelength region. = The enhancement in
spectral power in the 0.3 to 1.0 um band caused by
neglect of atmospheric absorption largely compensates
the scattering at wavelengths greater than 1.0 pm.
This treatment may lead to a slight overestimate in
scattering because of the greater scattering cross section
at shorter wavelengths. Boucher and Anderson’s [1995]
values are about 20% lower, perhaps because they
averaged over the entire solar spectrum, which includes
some contribution from wavelengths above 1.0 pym.

The radiative transfer was computed using a doubling
and adding multiple scattering model [Hansen and
Travis, 1974]. The model is based on the fact that if
reflection and transmission are known for two layers
in the atmosphere, then the resultant reflection and
transmission of the two layers can be obtained by
computing the successive orders of scattering between
the two layers. Here we assumed that the surface
is Lambertian (Rs = 0.15), and the atmosphere was
treated as consisting of a homogeneously mixed layer
with Rayleigh scattering and aerosol scattering. The
combined Rayleigh and aerosol phase function was
computed using an expression weighted by the Rayleigh
(r) and aerosol (a) optical depths

Ta,)\Pa,A (0) + TT,APT,A(O)

P)‘(e): Ta X + TrA

(4)

The model output is a local plane albedo that varies
with the aerosol optical depth 7, and the aerosol
scattering phase function P, »(f) and is a function of
SZA (6o) and wavelength ().

The aerosol forcing at each of the seven wavelengths,
AF), was evaluated as the difference between top-of-
atmosphere net flux for two calculations, with aerosol
optical depth at A = 0.508 pm of 0.10 and 0.05. These
values represent the effect of incremental anthropogenic
sulfate of optical depth 0.05 at 0.508 um superimposed
on a background aerosol of optical depth 0.05 [Forgan,
Australia, 1987]. The total shortwave forcing as a
function of the cos(fy), po, is given by the weighted

sum
AF(uo) = Y /AAFx (po), (5)
A

where the fractional solar flux f) is given in Table 1.
Although in a conservatively scattering atmosphere,
the normalized forcing is independent of the vertical
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distribution of the scattering particles [Coakley et al.,
1983, their Appendix A], the functional dependence
of local plane albedo on SZA depends somewhat on
the vertical distribution of the aerosol. In the real
world, this vertical distribution is somewhere between
the homogeneous distribution used in our calculations
and a distribution that confines the aerosol entirely to
the atmospheric boundary layer. In order to bound
the dependence on aerosol vertical distribution, the
direct aerosol forcing was also evaluated for a model
atmosphere that consisted of a boundary layer from
1000 to 700 hPa containing the same optical depth of
aerosol scattering as in the homogeneous case, with an
overlaying aerosol-free upper troposphere/stratosphere
layer above 700 hPa. The result for a representative
dry particle radius (R = 0.11 pm), RH (80%),
and composition ((NH4)2SO4) showed a slight (7%)
increase in normalized forcing at po = 1 (overhead
sun), and slight decrease (2%) at po < 0.5, relative
to the one-layer model. Such a dependence on the
vertical distribution is of no consequence for the present
analysis.

The instantaneous normalized clear-sky forcing was
obtained by dividing by the sulfate mass burden;

AG(po) = %}g‘g:%z’ (6)

where the sulfate mass burden Bsoi‘ is that which

corresponds at the RH of the calculation to an aerosol
optical depth of 0.05 at A = 0.508 pm. The diurnal
(24-hour) average normalized forcing was evaluated
as 7 [ AG(uo(t))dt. The global average value was
evaluated as

— 1

27 z
G=— / déo / * AG(cos ) sin 8o dbo
47( 0 0

1
=5 [ AGu @)

where ¢¢ is the azimuth of the SZA; that is, half the
average over the illuminated hemisphere. Integration
of the diurnal average forcing over latitude and season
yielded essentially identical results.

3. Results

3.1. Scattering Efficiency

Composition and index of refraction as functions
of RH for (NH4)2SO4, NH4HSO4, and HzSO4 are
given in Tang and Munkelwitz [1994] and Weast and
Astle [The Chemical Rubber Co., Ohio, 63 ed., 1982].
The RH dependence of particle radius R relative to
dry radius Ry is shown in Figure 1; the refractive
indices for the three compositions as a function of
RH are shown in Figure 2. Figure 1 shows a
substantial increase in particle radius associated with
hygroscopic growth above the deliquescence point, that
is, the RH corresponding to the vapor pressure of
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Figure 1. Dependence of particle size on relative hu-
midity for ammonium sulfate ((NH4)2S04), ammonium
bisulfate (NH4HSO4) and sulfuric acid (H2SO4). The
data were obtained from Tang and Munkelwitz [1994].
Solid vertical lines denote the efflorescence and deliques-
cence relative humidity RH for ammonium sulfate. The
dashed line represents the deliquescence RH for ammo-
nium bisulfate. The efflorescence point for ammonium
bisulfate is at RH ~ 2.5% and is not shown.

water above a saturated solution indicated by the
vertical lines shown for (NH4)2SO4 and NH4HSOj,.
In the case of HySO4 the .compound undergoes no
phase transition, remaining a liquid throughout the
entire range of RH. (Surface tension contributes only
a 5% error in particle size for a wet particle radius
of 0.025 um decreasing with larger particle sizes, and
consequently this effect is ignored in the present study.)
Note that for (NH4)2SO4 and NH4HSO4 the graphs
for R/Ro (and also for index of refraction, Figure 2)
extend to RH well below the deliquescence points of
these materials. Aerosols in the laboratory [Tang and
Munkelwitz, 1994] and in the ambient atmosphere [Rood
et -al., 1989] remain as supersaturated liquids at RH’s
well below the deliquescence point, (crystallization
humidities ~ 39% for (NH,)2SO4; 3% for NH,HSO,),
and it is thus probably appropriate for the most part
to evaluate their light scattering properties as solutions
rather than crystallized salts. We therefore assume
that sulfate particles are always hydrated for RH

1~50 [ T T T T ]
1451 ]
£ 1.40F :
[
i N
1.35F --- NH, HSO, ~§\—:
— H, SO,
1.30L 1 L L |
0 20 40 60 80 100

Relative Humidity, %

Figure 2. Refractive index versus relative humidity
for three particle compositions, (NH4)2SO4, NH4HSOy,
and HySOy4 (data from Tang and Munkelwitz [1994]).
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above their crystallization humidities. Boucher and
Anderson [1995] showed that this assumption gives an
18% higher forcing for ammonium sulfate than if they
are always crystallized, for 40% < RH < 80%. .Thus any
overestimation of the forcing is bounded by this value,
and is probably only a few percent at most.

The fact that RH plays a major role in determining
the size of the particle implies that RH will also
significantly influence the light scattering efficiency, o*.
The dependence of the scattering efficiency on particle
size and composition is shown in Figure 3. Here the
primary label on the abscissa represents the amount
of sulfate (moles) per particle of sulfate, Nso§“§ the
secondary axes denote the more familiar particle dry
radius, evaluated as

1
Ry = 3Nso§-M 3
47p

where Ry is the dry particle radius, p is the density,
and M is the molecular weight of the compound. In
the case of HySO4 the dry radius is taken at RH
= 0. The ordinate represents the light scattering
efficiency of the wet particle per sulfate mass, that
is, the quantity a*. It is seen from this figure that
the scattering efficiency varies considerably with the
amount of sulfate in the particle for a given RH.
At each RH, a* exhibits a characteristic maximum
corresponding roughly to the coincidence of particle
diameter with wavelength. For any given dry radius,
o* increases strongly with increasing RH. For example,
for (NH4)2SO,4, the scattering efficiency reaches a
maximum of ~ 8 m? g(SO3™)~! at RH = 40%, ~
15 m? g(SO37)~! at RH = 80%, ~ 25 m? g(SO2™)~! at
RH = 90% and ~ 65 m? g(SO27)~! at RH = 97%. This
high sensitivity of a* to RH together with the highly
variable and not well-characterized global distribution

(®)

H - —— (NH,), S0, {
---- NH,HSO, |
—meees H, S0,

Nso2 , mole/particle
(NH4 )2 S0, ¢ 1 L L N )

I\]I—I4 I-ISO4 I 1 L 1 L L I

H, SO, (97 wt%) — 1
2504 ( )voz 0.05

L 1 1 ]

0.10 0.25
Dry Radius R, , um

0.50 0.751.00

Figure 3. Dependence of scattering efficiency for
aqueous (NH4)»S04, NH4HSO,, and HySO4 aerosol on
dry particle size expressed as amount of substance per
particle Nsoi- for indicated values of RH, averaged over

the solar spectrum. Particle dry radius, Ry (evaluated
as the radius of the sphere of equal volume) is also
shown by means of the secondary axes
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of RH accounts for much of the uncertainty in direct
forcing by sulfate ascribed by Penner et al. [1994] to
the RH factor F.

The values of a* in Figure 3 may be compared to
the quantity o F(RH) = 8.5 m? g(SO37)~! employed
in the evaluation by Charlson et al. [1992], for a =
5 m? g(SO27)~! and F(RH) = 1.7. The Charlson
et al. [1992] value of aF(RH) corresponds to a
wavelength of 0.55 pum which, as noted by Kiehl and
Briegleb [1993], leads to an overestimate of the actual
value that corresponds to the solar spectrum. The
wavelength dependence of a* is shown in Figure 4

for several values of RH, confirming the decrease
with increasing wavelength noted by Kiehl and Briegleb
[1993]. Despite this wavelength dependence, the values
for a* shown in Figure 3, which are averages over
the solar spectrum, indicate that the Charlson et al.
[1992] value of 8.5 m? g(SO37)~! may well be an
underestimate, depending on the actual particle size
distribution and RH.

3.2. Upscatter Fraction

Following Wiscombe and Grams [1976], we denote
the upscatter fraction, [, as the portion of light
scattered by an aerosol that is scattered into the
upward hemisphere relative to the local horizon. It
is this upward scattered fraction, and not the back
scattered fraction, that is pertinent to radiative forcing
by aerosol single scattering. Upscatter fraction depends
on the SZA as well as on the angular distribution of
the light scattering by the aerosol (phase function).

-1

Fy /Fp pm
S 90 = =W
o o0 ©O O

’, m? (g 8042- )-‘

—— Present Study
--- Charlson et al, 1992

[ed

0.4 0.6 0.8
A, pm
Figure 4. Scattering efficiency as a function of
wavelength for ammonium sulfate. The dry particle

radius (0.096 pm) was chosen such that the average
a* equals the Charlson et al. [1992] 03— 55um Value of

8.5 m? g(SO27)~! (dashed line) at RH = 80% (thick
curve). For comparison, the a* curves for other RH
values are shown to indicate the high sensitivity of a*
to RH. Top panel shows the solar spectrum over the
range employed in the scattering calculations divided
by the solar constant, indicating the contribution of the
solar spectrum toward the average a* as a function
of wavelength. The overlaying histogram represents
the Coakley et al. [1983] spectral weights of the solar
spectrum.
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The phase function becomes increasingly peaked in the
forward direction with increasing particle radius greater
than approximately 0.05 pm [Schwartz, in press, 1995].
Because of the dependence of the phase function on
particle size, § is also dependent on particle size.

An expression for evaluating the upscatter fraction
for single scattering for a given SZA (6p) has been
given by Wiscombe and Grams [1976] as an integral over
scattering angle 6 between limits defined by 6.

1 1r/2+9o
B(6) = — P, »() sin @ cos™ (cot 6 cot ) df
2m w/2—80
+1 / Po(6)sin6d6 9)
2 1I'/2+00

The dependence of 8 on 8y and particle radius R is
examined in Figure 5. For the Sun at the horizon
(o = 0) the upscatter fraction attains its maximum
value 0.5, independent of R, because of symmetry.
Note that for large SZA’s a substantial contribution
to upscatter fraction results from scattering in the
forward hemisphere; this is why upscatter fraction,
not backscatter fraction, is the quantity pertinent to
climate forcing. For the Sun increasingly close to the
zenith, the predominant forward scattering of larger
particles causes 3 to decrease, and particle size becomes
increasingly important in determining the magnitude of
the upscatter fraction. . :

To determine the forcing at a given location, it is
necessary to evaluate the scattering integrated over
a diurnal cycle, which integration necessarily involves
large SZA. For illustrative purposes, the diurnal average
upscatter fraction for ammonium sulfate for several
latitudes and three dates (spring, summer, winter) is
shown in Figure 6 as a function of the wet particle
radius. The diurnal (24-hour) average 3 is,

F(uo(t))ﬂ(uo(t))dt; (10)

24
<f>=2

Jo ! Fuo(t))dt

upscatter fraction, g

0.00F . . . . 3
0.0 0.2 0.4 0.6 0.8 1.0
Ho

Figure 5. Dependence of upscatter fraction 8 on the
cosine of the solar zenith angle, o and particle radius
R (pm) at a wavelength A = 0.55 ym and a refractive
index of 1.4.
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Figure 6. Diurnal (24-hour) average upscatter fraction
< B > for (NH,4)2S04 averaged over the solar spectrum,
for three seasons and several latitudes (°N) as a function
of particle radius. Here winter = December 21, spring
= March 21, and summer = June 21. The bottom panel
represents the global-annual average < 3 >.

here F(uo) is taken as cosfp. As seen in Figure 6, the
diurnal average upscatter fraction approaches 0.5 for
small particle radii at all latitudes and seasons since, as
noted above (Figure 5), the scattering phase function
becomes symmetric in the forward and backward
direction in the small particle limit. For all particle sizes
there is very little variation in < 8 > with season at the
equator. At higher latitudes the variation with season
is greater because of the greater seasonal differences in
SZA. Note also that the magnitude of < 3 > is greater
at higher latitudes, suggesting a possible greater aerosol
forcing at high latitudes resulting from this latitudinal
dependence of upscatter fraction. We return to this
point later. Also shown is the radius dependence of
the global and annual average upscatter fraction over
the illuminated hemisphere for a uniformly distributed
aerosol, again showing the decrease in upscatter fraction
with increasing particle radius.

3.3. Normalized Forcing

We now combine these several factors to obtain the
normalized forcing. As with upscatter fraction this
quantity is a function of SZA and particle radius. In
order to relate normalized forcing to the microphysical
properties of sulfate aerosol, we display this quantity as
a function of particle dry radius for various values of the
RH, as shown in Figure 7 for (NH)2SOy; the figures for
the other compositions are similar. Several features of
these plots should be noted. First there is a maximum
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Mo

Ho

Mo
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Figure 7. Instantaneous normalized clear-sky
radiative forcing (AG) W g~1(S02™) for (NH4)2S04 as
a function of dry particle radius and pp = cos(fp) for

several relative humidities.

in the normalized forcing at any given RH and SZA
that is due in part to the characteristic maximum in
a* as a function of radius noted in conjunction with
Figure 3 (For simplicity we refer to the maximum in the
magnitude of the normalized forcing as a maximum in
normalized forcing, despite the fact that the quantity
is negative). The dry radius that corresponds to the
maximum forcing is about 0.25 um for the dry particle
(actual radius), decreasing with increasing RH to about
0.15 pm, as the actual radius becomes larger for a given
dry radius.

It may be noted also that for any dry radius there
is a maximum in forcing as a function of SZA. This
maximum occurs not at the zenith, where the incident
flux is the greatest, but at quite large SZA (uo =~ 0.25,
corresponding to SZA = 75°). This displacement can
be interpreted as the interworking of several factors.
Because the calculation is based on an aerosol of low
optical depth (optically thin), the effective path length
for scattering varies as sec(fy), effectively canceling the
cos(fy) dependence in incident solar flux. Consequently,
the increase in normalized forcing with increasing SZA
is due to the SZA dependence of 3, Figure 5. Why then
is SZA corresponding to a maximum AG not at up = 0
(SZA = 90°), as is the case with 57 Because ultimately,
at high SZA the incident flux is decreased by Rayleigh
scattering.
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A further key feature displayed in Figure 7 is the
strong increase in the magnitude of the normalized
forcing with increasing RH. This RH dependence results
largely from the RH dependence of a*, Figure 3; that
is, the factor F(RH) in the notation of Charison et al.
[1992]. It may be seen that this increase is relatively
slight (about 20%) for supersaturated (NH4)2SO4 at
RH = 40% versus the dry material, but increases
quite markedly as the material swells with increasing
RH (Figure 1). The strong dependence of forcing on
RH makes it crucial that this influence be accurately
represented in evaluating radiative forcing by sulfate
aerosols.

Further quantities important to understanding the
direct forcing are averages of the normalized forcing
over various geophysical variables. Figure 8 displays
the dependence of diurnal (24-hour) average normalized
forcing on particle size and RH for a specific latitude
(30°N) and date (June 21), explicitly showing also
the dependence on chemical composition. The
dependencies of forcing on size and RH is similar for the
several compositions. Again, a characteristic maximum
in forcing is exhibited as a function of particle size,
reflecting mainly the maximum in a*. The strong
dependence on RH should also again be noted.
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Figure 8. Magnitude of the diurnal (24-hour)

normalized clear-sky aerosol forcing as a function of
particle size (amount of sulfate in the particle, Ngy2-)
4

for several relative humidities and particle compositions
at 30°N latitude, for June 21. For corresponding
particle dry radius, see Figure 3.
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Figure 9 shows the variation of the normalized
diurnal-average forcing with season and latitude for
several values of particle wet radius. This figure is
particularly pertinent to displaying the influence of
B in displacing the maximum normalized forcing to
large SZA. At high latitude the average SZA is greater
than at lower latitudes, resulting in an increase in the
magnitude of the forcing. This can be demonstrated
by comparing the several curves for spring, since at
the spring equinox the length of the day is 12 hours
at all latitudes. Therefore for this date the variation
in diurnal average forcing with latitude depends not
on length of day but only on pg. At small radius (R
= 0.029 pm) @ is insensitive to uo (Figure 5), so 3
does not greatly influence the latitudinal dependence
on the forcing. Since half the scattered photons are
scattered into the upward direction at all SZA’s, there is
no increase in AG with increasing SZA, and AG falls off
from equator toward higher latitude as a consequence
of the enhanced Rayleigh scattering at higher latitudes
due to increased SZA. However, with increasing R, the
increase in # with increasing SZA exerts its influence,
displacing the maximum forcing to higher latitudes. Of
course at higher latitudes length of day also exerts a
strong influence in the magnitude of normalized forcing,
as has been noted previously [Hunter et al., 1993].
Finally, note that as a function of radius the magnitude
of the normalized forcing reaches a maximum and
then becomes smaller at the larger particle radius.

0 T T |/ T 0
’
’
0.029 pm /
K
/
’
—~10} ’
/
= e . -500
. 0
o L7 no
= L =
<) 1]
2 - Q
-20}
— Spring - — Spring
-1000
Summer - Summer
~ " Winter = Winter
-30p 1 L L e N I L 1 o
0 20 40 60 80 0 20 40 60 80

Latitude Latitude

-100
—-200[

-200f

Tna —400 Tuo
= =
3 (<.I'J -300
—-600r — Spring _ .
B _a00b Spring
* Summer - Summer
-800f ~° Winter - - Winter
-500 Lo
1 1 1 Lo 1 L 1 i
0 20 40 60 80 [ 20 40 60 80
Latitude Latitude
Figure 9. Seasonal and latitudinal dependence of

diurnal (24-hour) average normalized clear-sky aerosol
forcing for (NH4)2SO4 at RH = 80% for several actual
particle radii.
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This is directly related to the radius dependence of
the scattering efficiency. Figure 9 shows that season
and latitude are strong indicators in determining the
aerosol forcing as a consequence of the influence of these
variables on SZA and in turn 8. Since anthropogenic
aerosols are nonuniformly distributed by latitude and
season, these latitudinal and seasonal dependences of
normalized forcing may enhance or diminish the actual
aerosol forcing relative to calculations that assume a
uniformly distributed aerosol.

4. Discussion

Figure 10 shows the global and annual average
normalized forcing as a function of particle dry radius
and RH. In computing this average, we treat the
aerosol as uniformly distributed over the illuminated
hemisphere (this assumption is not required; any other
distribution could be readily treated). As noted
previously in Figures 7 and 8, a maximum in normalized
forcing is exhibited as a function of particle dry radius,
with the value of the radius that corresponds to
this maximum decreasing slightly with increasing RH.
Again, also the strong RH dependence is manifest.

As noted in the introduction, the forcing for an
actual aerosol needs to be evaluated by integrating the
radius dependent forcing over the size distribution of
the aerosol. Here for illustration, we carry out such an
evaluation using four different size distributions under
the assumption that the aerosol is uniformly comprised
of (NH4)2S04 at RH = 80%. These four distributions,
shown in the top panel of Figure 10, correspond to
measurements of marine and continentally influenced
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Figure 10. Normalized clear-sky global annual average
forcing ammonium sulfate aerosol for a hypothetical
clear-sky planet as a function of particle dry radius for
several RH. Also shown are the normalized clear-sky
forcings of Boucher and Anderson [1995] and Kiehl and
Briegleb [1993] corresponding to the values of forcings
given in their Figure 7 and Figure 3, respectively,
with oy, = 1.4. The several horizontal lines represent
the normalized forcing of Charlson et al. [1992] and
the clear-sky global annual average normalized forcings
corresponding to the several size distributions displayed
in the top panel, all for RH = 80%.
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aerosol [Hoppel et al., 1990], urban aerosol sulfate
[John et al., 1990], and the classical accumulation mode
distribution of Whitby [1978] (volume size distribution
with 7, = 0.15 pm and o, = 0.57). The global
hemispheric average normalized forcing at RH = 80%
for these four distributions is shown in the bottom
panel of Figure 10. The spread among the several
distributions is about 20%.

Figure 11 shows the global hemispheric average
normalized forcing as a function of RH for the several
size distributions given in Figure 10 (the marine
distribution is not shown since the normalized forcings
are almost identical to those for the accumulation mode
distribution) under the assumption that the aerosol is
uniformly comprised of the indicated sulfate species.
The forcing is computed by integrating over SZA and
then over particle size. Note that the spread among the
several distributions and compositions is about +26%
for low RH decreasing to £13% at RH = 97%. Of
course, for each of these distributions and compositions,
RH is a major factor, especially at RH > 80%.

In order to compare present estimates of forcing
with those of previous investigators, Figure 10 also
shows the normalized clear-sky forcings evaluated from
data presented by Charlson et al. [1992], Kiehl and
Briegleb [1993], and Boucher and Anderson [1995].
Comparison of the normalized global and annual
forcings in Figure 10 shows that the present results
are intermediate between those of earlier investigators,
less than the value obtained with the box model of
Charlson et al. [1992] and greater than the distributed
aerosol forcing calculations of Kiehl and Briegleb [1993]
and Boucher and Anderson [1995]. We briefly discuss
possible reasons for these differences.

In comparing to the normalized forcing of Charlson
et al. [1992], we explicitly compare the forcing at 80%
RH, which corresponds [Charison et al., 1991] to the
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Figure 11. Relative humidity dependence of
normalized global average clear-sky forcing for sulfate
aerosol for the several dry size distributions shown
in top panel of Figure 11; wvalues for the marine
distribution are not shown as they are indistinguishable
from those for the accumulation mode distribution.
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RH enhancement factor F = 1.7 employed in the
1992 box model calculation, for which the normalized

forcing is -715 W g(SOi')_l. In contrast for the
several size distributions and compositions at RH =
80%, we obtain a normalized clear-sky forcing of -450
+ 50 W g(S027)~! (Figures 10 and 11), about 40%
lower than the Charlson et al. [1992] value. As noted
above, Kiehl and Briegleb [1993] attributed the high
forcing of Charlson et al. [1992] to the application in
that calculation of a constant, high value of scattering
efficiency, o*, that corresponded to 0.55 um, to the
entire solar spectrum, whereas this quantity falls off
strongly with wavelength, Figure 4. To some extent this
criticism is justified. However, there is a compensating
factor that to some degree offsets a correction based
solely on the wavelength dependence of a*, which arises

from the wavelength dependence of Rayleigh scattering
(~ A™%) relative to that of aerosol scattering (~ A71).
Specifically, Rayleigh scattering, which reduces the
effect of the aerosol scattering, exerts a lesser reduction
at longer wavelengths than at shorter wavelengths. In
any event, comparison of the Charlson et al. [1992]
value of 8.5 m? g(SO2™)~! with the values of o* in
Figure 3 shows that the value of 8.5 m? g(SO3™)~!
is exceeded for Ry between 0.09 ym and 0.4 pm,
which range encompasses the great majority of the
aerosol volume for the several distributions given in
Figure 10. Likewise integration of o* over the several
size distributions in Figure 10 gives values ranging from
9.3 to 11.7 m? g(SO27)~!, supporting, if anything, a
value of a* greater than the value employed in the box
model evaluation of Charlson et al. [1992]. It should
be reiterated that the values of a* given in Figure 3
represent integrations taken over the visible spectrum
indicated in Figure 4.

A second possible reason for the departure from
the Charlson et al. [1992] normalized forcing is in
the upscatter fraction B, which those investigators
had taken as a constant value of 0.29, which for
o = 85 m?g(S027)"! corresponds to a*f =
2.46 m? g(SO37)~!. Examination of Figures 5 and 6
shows that [ decreases strongly with increasing R in
the radius range pertinent to the size distributions of
accumulation mode aerosols. The average value of 3
exceeds the Charison et al. [1992] value of 0.29 for
particle radius less than 0.3 pm, which at RH = 80%
corresponds (Figure 1) to a dry radius of 0.2 um.
Kiehl and Briegleb [1993] suggested that there is a
compensating effect of a* with increasing RH, wherein
as a* increases, § decreases. However, this does not
appear to account for the discrepancy. Specifically,
for the four size distributions shown in Figure 10, the
quantity o*8 ranges from 2.45 to 2.79 m? g(S037)~*
at RH = 80% throughout much of the pertinent range
of dry radius and SZA, that is, somewhat greater than
the value corresponding to the evaluation of Charlson
et al. [1992]

Another possible factor that might give rise to a
difference between the Charlson et al. [1992] treatment
and the present calculation is the different way of
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treating atmospheric transmission. In the present
treatment, the atmospheric absorption outside the
wavelength range of 0.3 to 1 um was approximated
to be complete, corresponding to T, = 0.69, and
the spectrally averaged transmission through the
conservative Rayleigh scattering atmosphere was T =
0.9, for which the overall transmission factor Ty =
T,T3 = 0.56. This transmission factor is essentially
identical to that in the Charlson et al. [1992] approach,
for which the molecular absorption and Rayleigh
scattering was represented by a transmission factor of
Ty = T? = 0.58. Hence this difference also cannot
account for the discrepancy.

On the basis of these comparisons we conclude
that the lower values for normalized forcing obtained
here compared to that of Charlson et al. [1992] are
not due to systematic differences in aerosol optical
properties but rather, for reasons noted in the above
paragraphs, are due to a more exact treatment of
aerosol scattering by the doubling and adding radiative
transfer method compared to the simple treatment via,
albedo enhancement by Charlson et al. [1992].

Comparison of the present results with those of Kiehl
and Briegleb [1993] and Boucher and Anderson [1995]
is somewhat more difficult for a number of reasons. In
order to evaluate the corresponding quantity from those
studies it is necessary to back calculate the normalized
clear-sky direct forcing from the reported global annual
mean average forcing and the anthropogenic sulfate
loadings employed in the calculations. In both instances
it was necessary to adjust the forcings to a cloud-
free planet by means of the so-called cloud factor that
takes into account the weighting of the contributions to
global mean forcing from cloud-free and cloud-covered
regions [Boucher and Anderson, 1995]. This weighting
is necessary because aerosol forcing, although strongly
reduced in a cloudy environment compared to cloud-
free sky, is still appreciable (according to Boucher
and Anderson [1995], about 25% as efficient in overall
average). (Note that Charlson et al. [1992] assumed
the forcing to be zero in the presence of clouds.) The
parameters used to compute the clear-sky normalized
forcing for the earlier studies to which the present
results are compared are given in Table 2. In

Table 2.
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order to compare most closely to the present results,
we present forcings from those studies for the lowest
reported value of the geometric standard deviation in
the particle radius distribution, o, = 1.4. It may
be seen that the normalized forcings inferred in this
way are substantially lower than the present results
for RH = 80%, corresponding rather more closely to
those for lower RH values, although the comparison
is somewhat qualified because the global and annual
mean forcings from the global distributions arise from
the averaging over the individual grid cells, with their
corresponding RH values (their average daytime RH
for the lower troposphere is closer to 60 than 80%),
rather than from the specific fixed RH values employed
here. Also, complications arise because of variation of
RH and surface albedo in these models with season,
latitude, and region. Still, the present estimates
appear systematically greater than those from Kiehl
and Briegleb [1993] and Boucher and Anderson [1995].
Possible reasons for these differences include differences
in treatment of the microphysics and radiation. For
example, Kiehl and Briegleb [1993] used an empirical
treatment for RH dependence for aerosol scattering
properties rather than one based on the deliquescence
properties of the specific sulfate compounds together
with Mie theoretical treatment of scattering cross
section and upscatter fraction as was employed here.
Also, Boucher and Anderson [1995] used a radiation
transfer code that divides the spectral interval into
only two bins and thus may not adequately represent
the spectral dependence of scattering efficiency and
upscatter fraction.

Recently, Haywood and Shine [1995] reported results
of a Mie scattering calculation for a particular assumed
aerosol size distribution, namely, lognormal number
distribution, with mode radius 0.05 ym and o, = 2.0.
On the basis of this calculation they suggest that the
several parameters in (1) be revised in the direction
of reduced forcing: B = 0.21; o* = 6.8 m? g™ at
70% RH. Apparently, the rather low value of 8 results
from Haywood and Shine’s [1995] use of a particle
volume distribution that is heavily skewed to large
radius (volume mean radius 0.27 ym) as a consequence
of the high geometric standard deviation of the number

Summary of the Parameters Used for

Computing the Clear-sky Normalized Forcings for
Previous Studies With Which the Present Results are

Compared

Reference

Bsoi_,mg m > CF* A. oF

Charlson et al. [1992]
Kiehl and Briegleb [1993F]
Boucher and Anderson [1995]

4.0 n.a. 0.61 n.a.
1.77 064 062 14
2.32 0.61 053 14

(*) The cloud factor (CF) is defined as the ratio of AGaui—sky

to AGclear—-sky .

CF relates to the fractional cloud cover

(Ac) through the relation [Boucher and Anderson, 1995]
AGall—sky = AGclear—sky(l - Ac) + AGcloudAAc~
(+) o4 denotes the geometric standard deviation of a log-

normal size distribution.

(F) as reported by Boucher and Anderson [1995].
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distribution employed. On the basis of observed volume
distributions of sulfate aerosol such as those shown in
Figure 10, we see no justification for the use of such
a large geometric standard deviation for accumulation
mode sulfate and suggest that the value of 8 proposed
by Haywood and Shine [1995] may be artificially low. In
any event, the sensitivity to choice of size distribution
suggests the necessity of carrying out integrations
over measured size distributions rather than assumed
canonical size distributions if estimates of normalized
forcing are to be improved.

5. Conclusion

The influence of microphysical and chemical proper-
ties of anthropogenic sulfate aerosol on radiative forc-
ing of climate by direct scattering of shortwave radia-
tion has been assessed by radiative transfer calculations
based on Mie scattering properties of the aerosol. The
controlling quantities are mass scattering efficiency and
upscatter fraction. The joint influence of these quanti-
ties is accurately and conveniently represented by the
normalized clear-sky forcing, the quotient of the direct
forcing by the column integral of the aerosol sulfate
mass. Normalized forcing can be evaluated locally and
instantaneously, as a function of solar zenith angle, or
as an average over time and/or space as desired. The
key quantities influencing normalized forcing are parti-
cle size and index of refraction, which are determined by
the composition and size distribution of the dry aerosol
and by relative humidity. Normalized forcing increases
strongly with increasing RH, especially at RH greater
than 80%, as a consequence of accretion of water mass
by the hygroscopic material. The normalized forcing
exhibits a (negative) maximum for dry particle radius
0.15 to 0.3 um, decreasing with increasing RH, mainly
as a consequence of the size dependence of the scatter-
ing efficiency. The maximum normalized forcing oc-
curs at large SZA (about 75°), as a consequence of
the large contribution to upscatter fraction from for-
ward scattered radiation. Because of this zenith an-
gle dependence, normalized forcing increases somewhat
with increasing latitude. Normalized forcing for an ar-
bitrary aerosol size distribution is readily evaluated as
an integral over the radius dependence of this quantity.
The magnitude of normalized forcing varies somewhat
for representative aerosol size distribution and compo-
sition, suggesting the utility of evaluations of the ra-
diative influence of grounded in Mie scattering theory
making use of measured or modeled aerosol size dis-
tributions and explicitly accounting for the RH depen-
dence of the scattering.

Note added in proof. Subsequent to submission of this
paper a paper entitled “Sensitivity of Direct Climate
Forcing by Atmospheric Aerosols to Aerosol Size and
Composition” by C. Pilinis, S. N. Pandis, and J. H.
Seinfeld was published (J. Geophys. Res. 100, 18739-
18754, 1995). That paper presented findings regarding
the dependence of forcing on solar zenith angle and
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relative humidity that are qualitatively similar to those
of the present paper.
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